
Epidemiologic Reviews
Copyright © 1996 by The Johns Hopkins University School of Hygiene and Public Health
All rights reserved

Vol. 18, No. 1
Printed in U.S.A.

Emerging Foodborne Pathogens: Escherichia coli O157:H7 as a Model of
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INTRODUCTION

History

In 1982, an investigation by the Centers for Disease
Control and Prevention (CDC) of two outbreaks of
severe bloody diarrhea, associated with the same fast-
food restaurant chain, led to the identification of a
strain of Escherichia coli, one that expressed O-
antigen 157 and H-antigen 7, that had not previously
been recognized as a pathogen (1, 2). Subsequently,
this strain was shown to belong to a category of E. coli
that produce toxins which are similar to Shiga toxin of
Shigella dysenteriae and distinct from previously de-
scribed E. coli heat-stable and heat-labile toxins. As
data were accumulating on the role of E. coli O157:H7
as a pathogen, parallel work in Canada was uncover-
ing high rates of infection with this and other Shiga
toxin-producing E. coli in patients with the hemolytic
uremic syndrome (3, 4). Subsequent research has in-
dicated that E. coli O157:H7 is the cause of 85-95
percent of cases of hemolytic uremic syndrome in
North America, and that non-0157 Shiga toxin-
producing E. coli are responsible for another 5-15
percent (5).

In the years since the discovery of this pathogen, E.
coli O157:H7 has become increasingly prominent,
causing an estimated 20,000 illnesses and 250 deaths
each year in the United States alone (6); in 1994, the
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CDC reported 30 separate outbreaks of this pathogen
(CDC surveillance data). Public interest in E. coli
O157:H7 grew enormously in the wake of a large
multistate outbreak in the western United States in
early 1993 which resulted in more than 700 illnesses
and four deaths (7-10).

Many of the questions that faced the investigators of
the original outbreak in 1982 remain unanswered to-
day. Prominent among these is the question of why
this pathogen suddenly emerged as a public health
problem. Is E. coli O157:H7 a completely new patho-
gen which suddenly appeared in the food supply or is
this a pathogen which was present but unrecognized
prior to 1982? If E. coli O157:H7 infection is truly
increasing in incidence, what factors are promoting its
emergence and, more importantly, what can be done to
stop the spread of this microbe?

In this review we will explore the epidemiology of
E. coli O157:H7, using it as a model of a new patho-
gen which has emerged within a sophisticated, highly-
developed industry in a "first-world" nation. We will
first review the epidemiology of this organism and
examine the evidence that supports the paradigm il-
lustrated in figure 1. In the following sections we will
explain why we believe E. coli O157:H7 is an emerg-
ing pathogen, and will explore several hypotheses to
explain its emergence as a public health problem. The
epidemiology of non-0157 Shiga toxin-producing E.
coli will not be discussed in this review.

Nomenclature

Because the toxins of E. coli O157:H7 are toxic to
Vero cell cultures, and are similar to Shiga toxin of
Shigella dysenteriae, they have become known alter-
natively as verotoxin 1 and 2 and as Shiga-like toxin I
and II; similarly, the strains of E. coli that produce
these toxins have been known interchangeably as
verotoxin-producing E. coli or as Shiga-like toxin-
producing E. coli. There has recently been a proposal
to designate the above toxins as E. coli Shiga toxin
(Stx) types 1 (Stxl) and 2 (Stx2), and to designate the
strains of E. coli that produce these toxins as Shiga

29



30 Armstrong et al.

( ? ovine or other A
\an imal reservoir/

fecal
contamination

meat
(especially

ground beef)

foodborne
transmission

foodborne
transmission

direct
transmission

foodborne
transmission

/ I \
person-to-person spread

secondary human cases

FIGURE 1. Reservoirs and modes of transmission of Escherichia coli 0157:1-17.

toxin-producing E. coli. As we believe this proposed
nomenclature will become accepted, we will use it in
this review.

"Stx-producing E. coli 0157" is almost synonymous
with E. coli O157:H7. This is because the only non-H7
serotypes of Shiga toxin-producing E. coli O157 are
nonmotile and may be E. coli O157:H7 strains that
have lost their flagellar antigen (5).

EPIDEMIOLOGY OF E. COLI O157:H7

E. coli O157:H7 and cattle

A bovine reservoir of E. coli O157:H7 has been
suspected ever since the first human outbreak was
linked with ground beef consumption in 1982. Prior to
that time, neither the US Department of Agriculture
(USDA) Animal Laboratories nor the Pennsylvania
State University Veterinary Research Laboratory had
ever detected this serotype in any of its samples (1).
Since then, numerous studies in several countries have
shown that this organism is present in the gastrointes-
tinal tract of varying percentages of cattle (table 1).

Screening methods used in prevalence studies in
cattle. The large differences in the prevalence seen in
the studies listed in table 1 are, in part, an artifact of
the different methods used to detect E. coli O157:H7.
Testing for this organism is far from standardized, and
the tests in use vary markedly in their sensitivity. Most
of the tests involve two distinct steps, screening and
confirmation. The classic screening medium for E. coli
O157:H7 is sorbitol MacConkey agar. This method
exploits the fact that E. coli O157:H7, unlike 93
percent of other human E. coli isolates, does not fer-
ment sorbitol rapidly (2, 11). Overnight growth on
MacConkey agar, in which sorbitol has been substi-
tuted for lactose, produces clear colonies. Because E.
coli O157:H7 is not the only non-sorbitol fermenter to
grow on this medium, confirmation must be performed
by serotyping. Most laboratories place an arbitrary
limit on the number of colonies on any given sorbitol
MacConkey agar plate that are serotyped.

One approach to increasing the sensitivity of tests
for E. coli O157:H7 has been the development of more
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selective screening media. This has the effect of in-
creasing the sensitivity of the overall test since this
reduces the number of colonies to be serotyped and
increases the amount of stool that can be assayed. The
second approach has been the use of selective enrich-
ment media which allows E. coli O157:H7 to grow at
a faster rate than other non-sorbitol fermenters. Fecal
samples are generally grown overnight on selective
enrichment broth before being plated on a screening
medium such as sorbitol MacConkey agar. Immuno-
magnetic separation has also been used to improve the
sensitivity of these assays (12).

The assertion that the use of different tests can yield
different estimates of prevalence has been confirmed
by surveys in which more than one assay was used.
For example, by using selective enrichment followed
by immunomagnetic separation, Chapman et al. (12)
were able to detect E. coli O157:H7 in 84 (8.2 percent)
of 1,024 bovine rectal swabs, whereas direct plating on
sorbitol MacConkey agar with cefixime and tellurite
and sorbitol MacConkey agar with cefixime and
rhamnose detected only 23 (2.2 percent) positives. In
another survey, the use of a selective enrichment
step increased by almost twofold the isolation of E.
coli O157:H7 from bovine fecal samples (13). More
recently, Sanderson et al. (14) demonstrated that test-
ing larger samples of cattle feces (10 g) is more
sensitive than testing smaller samples (fecal swabs),
that enrichment broth increases the sensitivity of the
assay by a factor of more than 10, and that the use
of very selective screening media increases the sen-
sitivity by a factor of 100. Their most sensitive
method, selective enrichment on trypticase soy broth
with cefixime and vancomycin, followed by culture on
sorbitol MacConkey agar with cefixime and tellurite,
was almost 200 times more sensitive than direct plat-
ing on sorbitol MacConkey agar alone (14).

Absent from table 1 are studies which screened for
E. coli O157:H7 by using serotyping, Stx detection,
or DNA hybridization with probes for Shiga toxin-
producing E. coli (15-20). Though some of these
methods are very useful for detecting Shiga toxin-
producing E. coli in feces, they are probably insensi-
tive to E. coli O157:H7 because of the large number of
non-O157:H7 Shiga toxin-producing E. coli in cattle.
The fact that none of these studies found E. coli
O157:H7 is likely due to this lack of sensitivity.

Limitations of the cattle data. Although many stud-
ies of the prevalence of E. coli O157:H7 in cattle have
been published, the large variety of screening tech-
niques in use limits our ability to compare them. As
might be expected, studies using very sensitive tech-
niques (Chapman et al. (21) and Sanderson et al. (14))
have found the highest prevalences. Nonetheless, ex-

amining differences between subgroups within studies
has shown some consistent patterns (see below).

Laboratory factors may not be the only cause of the
differences seen in these studies; the setting in which
the samples are taken (abattoir versus feedlot, for
example) may influence the prevalence (22). Regional
variations in prevalence were at one time postulated as
a possible explanation for the higher incidence of
human disease in the northwestern United States com-
pared with the southern United States. However, a
study of dairy herds (23) found no significant regional
variations in the prevalence of E. coli O157:H7. Fur-
thermore, a similar study of feedlot cattle (24) found a
slightly higher prevalence in southern herds compared
with northern herds. Seasonal variations in prevalence
may also influence the results of these studies (25).

All of the studies shown in table 1 have examined
the prevalence of E. coli O157:H7 in cattle by mea-
suring fecal shedding. It is possible that the principal
location of this organism in these animals is not the
distal gastrointestinal tract but, rather, the rumen. The
fact that this organism is relatively acid-tolerant,
which may represent an adaptation to the acid envi-
ronment of the rumen, and the fact that this organism
can be found in other ruminants, such as sheep and
deer, supports this hypothesis. If this is the case, then
fecal shedding may be a poor measure of prevalence in
these animals. This "rumen hypothesis" is discussed in
more detail later.

Conclusions from prevalence studies in cattle. De-
spite the limitations of the prevalence data, three gen-
eralizations can be made: 1) E. coli O157:H7 can be
isolated from the feces of both healthy and ill cattle—
estimates of the prevalence in North American and
European cattle range from less than 1 percent to
almost 10 percent. 2) E. coli O157:H7 has a wide
geographic distribution in the United States—in one
large survey it was found in 63 percent of feedlots
(24). 3) E. coli O157:H7 is more common in calves
than in older cattle.

The last conclusion is supported by one of the
earliest surveys of cattle herds, performed in Wash-
ington State and Wisconsin, which showed a higher
prevalence of this organism in heifers and calves (17
of 604) than in adult cattle (1 of 664) (26). Subsequent
studies have consistently shown that young animals
have the highest prevalence rates, although the young-
est animals show relatively low rates, perhaps reflect-
ing a lack of contact with other animals shedding this
organism. The relatively high prevalence in young
animals is consistent with the fact that calves, when
infected experimentally with this bacterium, shed the
organism for a longer period of time than do older
cattle (27). A similar pattern has been noted in hu-
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TABLE 1. Surveys of the prevalence of Escherichla coll 0157:H7 in cattle

I

00

o

Study
(reference no.) Site Prevalence Numbers of

animals* Type of cattle studied Screening method!

Clarke et al., 1988 (160) Ontario, Canada

Montenegro et al., 1990 (161) Germany

Wells etal., 1991 (26)

Blanco etal. 1993(162)

Martin etal., 1994(163)

Hancock etal., 1994(135)

US Department of Agriculture
(NDHEP§) (164)

Zhao etal., 1995 (13) (NDHEP
follow-up)

US Department of Agriculture
(COFEIl) (24)

Chapman et al., 1989 (165)

Wells etal., 1991 (26)

Synge and Hopkins, 1992 (166)

Chapman et al., 1993(21)

Wisconsin

Spain

United States

Washington State

United States

United States (herds previously
testing negative)

United States

Surveys of healthy cattle chosen at random

1.50 3/200 Beef cows at an abattoir
0.50 1/200 Dairy cows at an abattoir

0.77 2/259 Healthy bulls and cows at a Berlin
slaughterhouse

0.37 1/269 Adult cows on farms and at a
stockyard

2.4 4/168 Heifers and calves in same setting

1.79 2/112 Healthy calves

0 0/304 Calves <10 days old

0.28 10/3,570 Dairy cattle
0.71 10/1,412 Pastured beef cattle
0.33 2/600 Feedlot cattle

0.36 25/6,894 Preweaned calves

1.5 6/399 Calves 24 hours old to weaning
4.9 13/263 Calves weaning to 4 months old

1.61 191/11,881 Feedlot cattle

Surveys of ill cattle or of cattle on farms or abattoirs implicated in outbreaks

England

Wisconsin

Washington State and Oregon

Scotland

England

0.97

0

6.4

0

2.1

0.40

9.52

2/207

0/169

6/94

0/224

7/342

5/1,247

10/105

Cattle arriving at an implicated
abattoir

Adult dairy cows on implicated
farms and adjacent farms

Heifers and calves in the same
setting

Adult dairy cows on implicated
farms

Dairy heifers and calves on impli-
cated farms and a packing-
house

III cattle

Dairy cattle from an implicated
farm

o

2-
0)

HC agar or monensin potassium chloride
with MUG to isolate £ coli, then DNA
hybridization to Stx$ genes

SMAC, or m-TSB followed by SMAC

SMAC

SMAC-BCIG and m-EC

SMAC and TSB-V, then plating on SMAC-
MUG

m-EC and m-TSB

dm-TSB-AC followed by SMAC

m-EC and m-TSB

SMAC (no flagellar antigen typing done)

SMAC or m-TSB followed by SMAC

SMAC

SMAC

Immunomagnetic separation and sec-
ondary enrichment (IMSE)
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mans: young children shed E. coli O157:H7 longer
than do adults (28-30). The longer duration of shed-
ding seen in calves, compared with older cattle, is not
unique to E. coli O157:H7; E. coli strains in general
are shed more frequently and in higher numbers in
calves compared with adult cattle (31).

Because comparisons of similarly aged dairy and
beef cattle using comparable methods have not been
published, it is not known if a difference in prevalence
exists between these two populations. If significant
differences are in fact present, they should be evalu-
ated in light of the different structure of these two
sectors of the livestock economy (see below).

Role of E. coli O157:H7 in bovine populations. E.
coli O157:H7 is generally not pathogenic in adult
cattle. Numerous studies have found this organism in
the feces of healthy cattle, indicating that it is usually
a harmless commensal in these species (see table 1).
Nonetheless, other studies have found the organism in
the feces of calves with diarrhea, suggesting that it
may cause diarrhea in young animals (see table 1).
Recently, experimental infection of 17 calves was
followed by a transient diarrhea in four, though the
cause of the diarrhea, which has a high incidence in
such animals under normal circumstances, could not
be definitively attributed to the E. coli O157:H7 (27).
In the same study, all of the 12 adult cattle infected
with the organism remained healthy. Both the calves
and the adults showed asymptomatic shedding of the
organism, though the calves shed it for a longer dura-
tion.

Though E. coli O157:H7 is probably not pathogenic
in cattle, recent studies at Kansas State University
indicate that it may be the cause of idiopathic cutane-
ous and renal glomerular vasculopathy (or "Alabama
rot"), a disease very similar to the hemolytic uremic
syndrome which is only known to affect greyhounds.
Preliminary data indicate that the disease only occurs
in animals fed a particularly low grade of raw meat
("4-D" meat, obtained from dead, dying diseased, or
disabled cattle), that the organism can be isolated from
this meat, and that the dogs shed E. coli O157:H7
temporarily after developing the disease (B. Ken wick,
Kansas State University, personal communication,
1995).

Other animal reservoirs of E. coli O157:H7. Two
groups have surveyed sheep populations using meth-
ods sensitive for E. coli O157:H7. In Idaho, a survey
of a single flock found that the prevalence of fecal
shedding varied from 0 percent in November to 31
percent in June (25). In the United Kingdom, a survey
of 700 sheep at a slaughterhouse found the organism in
the feces of 18 (2.6 percent), a rate lower than that of
cattle at the same site (32). Two other surveys have
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found only non-O157 Stx-producing E. coli strains in
various farm animals in England (18) and in Germany
(17). Neither of these studies used assays sensitive for
E. coli O157:H7.

In one outbreak of the hemolytic uremic syndrome
in northern Italy, illness was linked to contact with
chicken coops (33). Although natural infection of
chickens with E. coli O157:H7 has never been dem-
onstrated, young chicks (1 day old) can be experimen-
tally infected with this organism (34, 35) and will shed
it in their feces and the surface of their eggs for up to
11 months (35). The susceptibility of chickens to
colonization by E. coli O157:H7 drops significantly
during the first 3 days of life (36), and can be reduced
by feeding birds anaerobic cultures of adult bird fecal
bacteria (37).

An ongoing study of E. coli O157:H7 in Washing-
ton State has begun to shed light on the epizootiology
of this organism on farms (38, 39). So far, this sero-
type has been isolated from two asymptomatic dogs, a
deer, and one horse, as well as from environmental
sources, including stable flies and drinking water. The
two isolates from the deer matched isolates from cattle
sharing the same pasture. None of 106 rodent samples
were positive.

E. coli O157:H7 in foods

Estimates of the infectious dose of E. coli O157:H7.
The low concentrations of E. coli O157:H7 found in
foods responsible for outbreaks has confirmed what
has been suspected from epidemiologic studies—the
infectious dose of this organism is small. The ham-
burger patties implicated in the large multistate out-
break in 1993, for example, had fewer than 700 or-
ganisms each before they were cooked, and probably
contained considerably fewer by the time of consump-
tion (10). Investigation of an outbreak due to dry-
cured salami (40) estimated the infectious dose to be
fewer than 50 organisms; some of the cases had prob-
ably consumed fewer than five organisms (41). Con-
tinued investigations of outbreaks will probably pro-
vide our only source of information about factors
affecting this infectious dose; human volunteer exper-
iments would be unethical.

Surveys of E. coli 0157:1-17 in beef products—the
importance of using sensitive assays. Because the
sorbitol MacConkey agar alone is usually not sensitive
enough to detect E. coli O157:H7 in such low concen-
trations, numerous other more sensitive methods have
been developed. Table 2 shows some of these methods
(reviewed by Padhye and Doyle (42)).

Doyle and Schoeni (43) were the first to develop a
sensitive assay for E. coli O157:H7 in foods. The
results of their trials with artificially inoculated meats

indicate their test could detect as few as 1.5 organisms
per gram of food. Using their technique, they surveyed
retail meats collected from stores in the Madison,
Wisconsin, area and found the organism on several
types of meat: one (0.7 percent) of 147 ground beef
samples, three (1.2 percent) of 250 pork samples, four
(1.6 percent) of 257 poultry samples, and four (2.0
percent) of 200 lamb samples tested positive for E.
coli O157:H7. In the same study, samples collected
from around Calgary, Alberta, Canada, and analyzed
by the same method showed an even higher prevalence
of E. coli O157:H7, which was present in five (31
percent) of 17 ground beef samples, one (7 percent) of
14 pork samples, but none of six poultry samples or of
five lamb samples.

Since this study, other surveys of retail ground beef
have found results similar to those from Madison. Two
surveys in Wisconsin, in 1990 and 1991, found that
three (2.8 percent) of 107 (44) and one (1.3 percent) of
76 (45) samples were positive. Most probable number
determinations in three of these samples estimated that
the organism was present at 0.4 to 1.5 organisms per
gram (44). Another survey in Manitoba, in 1989,
found that four (2.4 percent) of 165 ground beef sam-
ples were positive (46).

Not surprisingly, surveys using assays insensitive to
low numbers of E. coli O157:H7 have failed to find
this organism in meat products. A total of 66 retail
ground beef samples from Newfoundland (47), 660
samples from Ontario meat processors (48), 255
chicken and sausage samples from the United King-
dom (49), 310 beef products from London, England,
retailers (50), and 294 meat and seafood products from
around Seattle, Washington (51) all tested negative for
E. coli O157:H7. Four of these studies (48-51) were
designed primarily to detect Shiga toxin-producing E.
coli, and found non-0157 Shiga toxin-producing E.
coli to be common. The fifth study (47) used sorbitol
MacConkey agar alone, which, as noted above, lacks
sensitivity.

The only large-scale survey of beef products using
an appropriately sensitive method for E. coli O157:H7
detection is currently taking place as part of the
USDA's National Microbiological Monitoring Pro-
gram. This survey makes use of a variation of the
"dipstick assay" (52), which reportedly can detect 0.1
to 1.3 organisms per gram (45). During the first year of
the E. coli O157:H7 testing program, 5,000 samples
were tested. Approximately half of these (2,500) came
from specimens obtained at processing plants and half
(2,500) came from retail stores. In both categories,
half of the samples (1,250) were obtained by random
sampling of all sites, whereas the other half (1,250)
were obtained through targeted sampling of plants or
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TABLE 2. Methods for detecting Escherichia co//O157:H7 in food

3

00

o

CD
CO
CO

Study
(reference no.) Method* Reported sensitivity (cells/g)

Szaboetal., 1986(172)

Doyle and Schoeni, 1987 (43)

Toddetal., 1988(174)

Szaboetal., 1990(142)

March and Ratnam, 1989 (11)

Okrendetal., 1990(173)

Okrendetal., 1990(168)

Okrendetal., 1990(176)

Tison, 1990(177)

Samadpour et al., 1990 (178)

Padhye and Doyle, 1992 (44)

Kim and Doyle, 1992 (45)

Wright etal., 1994(77)

Fratamico et al., 1995 (179)'

HCagar 1,000-10,000

m-TSB
Filtering through hydrophobic grid membrane (HGM) 1.5
Incubation of membranes on nitrocellulose paper
Immunoblotting of nitrocellulose paper
Confirmation with biochemical, verocytotoxicity, and serologic tests

Mixing with peptone water, maceration by stomaching, filtering to remove food particles 10
Filtering through hyrdophobic grid membrane (HGM)
Incubation of membranes on HC agar
Immunostain of membrane with HP-labeled m-Ab

Same as Todd et al. (174), but with m-TSB <1

Latex agglutination (Very nonspecific)

Selective enrichment on £ coli broth, bile salts, novobiocin 0.4-0.6
SMAC
Streaking on eosin methylene blue agar and stabbing into phenol red sorbitol agar with MUG
Biochemical and serologic confirmation

Same as Okrend et al. (173), with SMAC-BCIG (this adds specificity to the selective media) 0.7

m-EC 0.6
Innoculation onto 3M Petrifilm (3M Corporation, St. Paul, MN) £ coli count plates
Immunoblotting with 0157 antiserum
Streaking of positive strains onto SMAC or SMAC-BCIG
Serologic testing

Fluorescein-labeled PAb

m-TSB 1.3
Colony blot hybridization with Stx 1 f and Stx2t probes

dm-TSB-AC 0.2-0.9
Sandwich ELISA$ of broth with PAb as capture antibody and MAb as detection antibody

dm-TSB-AC 0.1-1.3
Dipstick immunoassay with PAb as cap tire antibody and MAb as detection antibody

Immunomagnetic separation with antj-0157 coated beads 2
Subculture on TC-SMAC

Multiplex polymerase chain reaction with primers for eaeA gene, Stx1 and Stx2, and 60-megadalton plasmid 1,000 organisms

* Abbreviations for methods used: HC agar, direct plating on agar with tryptone, sorbitol, sodium chloride, bile salts, 4-methylumbelliferyl-p-D-glucuronide (MUG), and bromocresol
purple (172); m-TSB, selective enrichment with trypticase soy broth (TSB) with bile salts, dipotassium phosphate, and novobiocin (43); HP-labeled m-Ab, horseradish peroxide-labeled
monoclonal antibody; SMAC, direct plating on sorbitol MacConkey agar (11); SMAC-BCIG, direct plating on SMAC with 5-bromo-4-chloro-3-indoxyl-p-D-glucuronide (BCIG) (168);
m-EC, selective enrichment with modified £ coli broth with novobiocin (173); PAb, polydonal antibody; MAb, monoclonal antibody (also m-Ab); dm-TSB-AC, TSB with bile salts, dipotas-
sium phosphate, casamino acids, and acriflavin-hydrochloric acid (44); and TC-SMAC, SMAC with cefixime and potassium tellurite (171).

t Stx1 and Stx2, £ coli Shiga toxins 1 and 2.
§ ELISA, enzyme-linked immunosorbent assay.
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retailers deemed to be potentially higher risks for
contamination. Of the 5,000 tests, only three were
positive. It is unclear why such a low prevalence has
been found. It is possible that there are regional dif-
ferences in the prevalence of food contamination, that
the prevalence is relatively high in areas such as west-
ern Canada where the incidence of human disease is
relatively high (53, 54), and that the prevalence is low
in areas like the southern United States where few
outbreaks have been reported and the reported inci-
dence is low. It is also possible that reductions in rates
are related to efforts on the part of the meat industry to
reduce the rate of contamination of E. coli O157:H7 in
ground products.

E. coli O157:H7 in milk. The only other food to be
tested systematically for E. coli O157:H7 is milk. In a
study of 1,021 filters from milk processors (55), it was
found that 20 were positive for Shiga toxin-producing
E. coli. The assay used was insensitive to E. coli
O157:H7 and, therefore, none was found to be present.
A more sensitive assay was used in a second study in
which E. coli O157:H7 was looked for in raw milk
from bulk tanks on farms; it was found to be present in
11 (10 percent) of 115 samples (44).

E. coli O157:H7 in other foods. Unrefrigerated
sandwiches (56), potatoes (57), apple cider (58), may-
onnaise (59), cantaloupe (60), and lettuce (10) have all
been suspected or implicated as vehicles in outbreaks
of E. coli O157:H7. In such cases involving non-
bovine foods, cross contamination by beef or contam-
ination with bovine fecal material has often been sus-
pected (see below).

E. coli O157:H7 in water

Outbreaks involving drinking water. Outbreaks of
E. coli O157:H7 associated with drinking water have
been described. The largest of these occurred in late
1989 in a Missouri town with an unchlorinated water
supply (61). This outbreak, which occurred just after
severe cold weather had caused two water mains to
burst, resulted in 243 cases with four deaths.

Drinking water, which was probably contaminated
with bovine feces, was implicated in outbreaks in both
Scotland (62) and southern Africa (63). Another out-
break in Japan was caused by well water contaminated
from an unknown source (64). In two of these out-
breaks, E. coli O157 was isolated from the water (63,
64).

Swimming-associated outbreaks. Swimming-
associated outbreaks have been reported in Oregon
(65), New York (66), Illinois (10), and Wisconsin (M.
Proctor, Wisconsin Department of Health and Social
Services, personal communication, 1995); illness in
these instances was presumably due to swallowing

small amounts of water during swimming. In each of
these outbreaks, illness was associated with swimming
in a specific freshwater swimming area during a spe-
cific period of time (in one case, this exposure was
limited to a 24-hour period) (65). In none of these
outbreaks was the initial source of contamination iden-
tified, though there has been speculation, based on
anecdotes, that prior to these outbreaks a child with E.
coli O157:H7 infection may have contaminated the
swimming areas (65, 66). In the Oregon and Illinois
outbreaks, high levels of E. coli contamination were
noted in the swimming areas around the time of the
outbreaks, though E. coli O157:H7 could not be iso-
lated from the water. In another cluster of cases, water
in a children's wading pool was identified as a possi-
ble vehicle (67).

Transmission of E. coli O157:H7 from cattle to
humans

Foodborne transmission in outbreaks. Most of our
knowledge about the transmission of E. coli O157:H7
has come from investigations of outbreaks. Since the
first hamburger-related outbreak in 1982, over 80 out-
breaks and clusters in the United States have been
reported to the CDC, and many others have been
described in other countries. Table 3 provides a sum-
mary of the vehicles or modes of transmission impli-
cated in outbreaks of E. coli O157:H7 in the United
States up to and including 1994. Ground beef is the
vehicle responsible for the largest portion (58 percent)
of foodborne E. coli O157:H7 outbreaks.

Attempts to confirm the sources of these outbreaks
by testing meat samples have been hampered by the
fact that the product has often been completely con-
sumed before the outbreak is recognized and in-

TABLE 3. Outbreaks of Escherichia coli O157:H7 reported to
the Centers for Disease Control and Prevention (CDC) from
1982 to 1994 inclusive*

Likely vehicle or mode ol spread No. of
outbreaks

No. ol individuals
involved

All foodst
Ground beeft
All beef products and milkf

Drinking water or swimming-
associated

Person-to-person (no food
identified)

Unknown

All outbreaks

38
22
26

3

9
19

69

1,541
1,137
1,278

276

243
274

2,334

• Source: CDC surveillance data. Note: data from 1982-1992
are incomplete. Outbreaks without clear sources or sites were not
tallied by the CDC during that time.

t Some of these outbreaks also involved person-to-person
spread.
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vestigated. Nonetheless, in at least six ground beef-
associated outbreaks, E. coli O157:H7 has been
isolated from the implicated meat (1, 9, 68-71). In
three of these outbreaks (9, 69, 71) molecular subtyp-
ing was performed, and this subtyping confirmed that
the meat isolate matched the outbreak isolate. In only
a single instance has traceback succeeded in identify-
ing the farm from which the infected animal origi-
nated. In this case, which occurred in New Jersey, the
family of the infected patient had purchased a side of
beef from a small producer. Ground beef in the fam-
ily's freezer contained 500-1,000 CFU/g of E. coli
O157:H7. The other side of the cow was traced and
was found to contain E. coli O157:H7 with the same
pulsed-field gel electrophoresis pattern but at a lower
concentration (100 CFU/g) ((71), Paul Meade, CDC,
personal communication, 1994). In another outbreak
(69), traceback uncovered six cattle colonized with E.
coli O157:H7, though the strains differed genetically
from the outbreak strain.

It is not surprising that traceback has failed to reveal
the outbreak strain in an animal reservoir. Several
strains can be found in a single herd of cattle (13, 26,
72), and E. coli O157:H7 is shed only intermittently by
cattle (13, 73). More importantly, as will be discussed
below, traceback is usually hampered by modern pro-
duction methods in which meat from large numbers of
cattle go into any given lot of ground beef.

Even in foodborne outbreaks in which beef is not
implicated, contamination with cattle feces is often
suspected. In an outbreak linked to apple cider con-
sumption (58) it was found that the apples had been
taken from the ground of an orchard next to a cow
pasture. Though environmental and bovine fecal cul-
tures were negative in this study, they were obtained 2
months after the outbreak. An outbreak in the United
Kingdom was linked to potatoes that had been grown
in peat that may have been contaminated with manure
(5, 57). A cluster of cases in Maine was linked to
vegetables that had been grown in a manured garden
(74). An E. coli O157:H7 isolate was grown from the
soil of this garden which matched an isolate obtained
from one of the cases. In some water-associated out-
breaks, contamination with bovine feces has been sus-
pected (see above).

Cow's milk has been documented as a vehicle for E.
coli O157:H7 infection. Two cases of pediatric hemo-
lytic uremic syndrome investigated by the CDC in
1986 were the first to be linked to raw milk consump-
tion (75). The milk in these cases came from two
separate farms, both of which had heifers which tested
positive for E. coli O157:H7. One of 23 raw milk
specimens collected from the farms at a later date also
tested positive (26). In the same year, an outbreak

occurred in Canada involving 43 of 60 children who
had visited a dairy farm (76). Infection was signifi-
cantly associated with consumption of unpasteurized
milk at the farm. Fecal testing of 67 cows and calves
on the farm yielded at least one positive for E. coli
O157:H7. Similarly, an investigation of a cluster of
cases in the United Kingdom linked to raw milk con-
sumption also found the organism in rectal swabs from
heifers on the implicated farm as well as in milk
obtained from the positive animals (21, 77). The bo-
vine isolates in this case matched the human isolates in
phage type and in Stx production. Pasteurized milk
(78) and yogurt (79) have also been implicated in
outbreaks. In one case, E. coli O157:H7 of the same
phage type as the human isolates was recovered from
environmental samples taken from the bottling ma-
chinery (78).

Foodborne transmission in sporadic E. coli 0157:
H7. Though the source of E. coli O157:H7 in spo-
radic infections (i.e., cases not associated with a
known outbreak) is less clear, existing data show that
transmission from bovines plays an important role
here as well. Uncontrolled studies of sporadic E. coli
O157:H7 have noted ground beef (28, 53), rare ground
beef (80), and unpasteurized milk (53, 80) as possible
vehicles of infection, though a lack of controls in these
studies precluded implicating these sources. Six case-
control studies of sporadic illness have been per-
formed in the United States and Canada (54, 81-85).
The most commonly identified risk factor in these
studies was consumption of undercooked ground beef
(54, 81-83, 85). E. coli O157:H7 infection was also
associated with consumption of ground beef in a non-
commercial setting such as a picnic or "special event"
(83), drinking of well water (85), swimming (85),
handling animal feces (85), and close contact with a
person with diarrhea (82, 85). This latter risk factor
may be especially important in children (52). In a New
Jersey study (84), the strongest risk factor for E. coli
O157:H7 was the failure to wash one's hands after
handling raw ground beef. No other risk factors were
significantly associated with infection when this sur-
vey was examined using multivariate analysis. Curi-
ously, a Canadian study found consumption of ground
beef in casseroles and consumption of hamburger
cooked at home to be protective (odds ratio = 0.5)
(83). The authors of this study suggested that this
effect may have been due to more thorough cooking of
the ground beef in these foods as compared with other
foods containing ground beef.

Studies comparing E. coli O157:H7 strains from
cattle with those from sporadic human infections have
shown varying amounts of overlap. In a study in
Washington State, 22 bovine and 50 sporadic human
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isolates were compared by plasmid typing, bacterio-
phage lambda restriction fragment length polymor-
phism, and Stx production (72). Among the 77 iso-
lates, 43 separate strains were identified, of which only
three were found in both humans and cattle. Of the
human isolates, 10 percent (5 of 50) were strains also
found in cattle. Of the bovine isolates, 27 percent (6 of
22) were strains also found in humans. Conflicting
results were reported in a British study in which 96
cattle isolates and 63 sporadic human isolates were
compared by phage typing, plasmid typing, and Stx
production (87). In these 159 isolates, only 41 differ-
ent strains were identified. Of the human isolates, 94
percent (59 of 63) were strains also found in the cattle,
although only 26 percent (10 of 39) of cattle isolates
were found in humans. The smaller degree of overlap
seen in the Washington State study was probably due
to the more discriminatory typing methods used and
may also reflect that meat consumed in that state does
not necessarily originate from there.

Direct transmission from bovines to humans. Two
instances of apparent direct transmission of E. coli
O157:H7 from bovines to humans have been docu-
mented. In Canada, in 1992, a 13-month-old child
became ill with E. coli O157:H7 after having direct,
prolonged contact with calves on his family's farm
(73). Two calves on the farm tested positive for E. coli
O157:H7 of the same phage type and Stx type as the
child. It was noted that the family did not drink un-
pasteurized milk and had not consumed undercooked
ground beef. A similar case occurred in Scotland in
which a 15-month-old child living adjacent to a farm
became ill with E. coli O157:H7 (88). One of 84 dung
samples from the farm yielded E. coli O157.H7 of the
same phage type and the same unusual plasmid profile
as the human isolate. It was speculated that the family
dog, which frequently roamed the farm, may have
acted as a vector in the case. Though direct transmis-
sion from cattle to humans may occur as purported in
these cases, such transmission appears to be rare.

Person-to-person transmission

Secondary transmission in outbreaks. Secondary
transmission after point-source outbreaks of E. coli
O157:H7 is common. An example is the 1988 out-
break in Minnesota linked to undercooked hamburger
patties served at a junior high school (89). A total of
32 cases were reported, including a 12-year-old stu-
dent whose mother ran a day-care center. One week
after this student's illness, two of the children in the
day-care center developed hemorrhagic colitis and
were culture positive for E. coli O157:H7. Numerous
other instances of secondary transmission during out-

breaks have been reported (30, 40, 56, 58, 65, 69, 78,
90-95), including the large outbreak in 1993 in the
western United States in which 48 of the original 501
cases were classified as secondary (9). Such secondary
cases usually represent a relatively small portion (less
than 10 percent) of the total number of cases in any
outbreak and occur within 1-2 weeks of the primary
cases. Sustained person-person transmission after out-
breaks has never been reported except in the setting of
day-care centers, a special situation that will be dis-
cussed later.

Because asymptomatic cases can occur in outbreaks,
there has been concern that persons with such infec-
tions could unwittingly spread their infection to others.
The existence of such asymptomatic cases during out-
breaks has been well documented (30, 56, 67, 90-92,
95, 96). Asymptomatic infections have also been dem-
onstrated in family members and other close contacts
of persons with hemolytic uremic syndrome or symp-
tomatic E. coli O157:H7 (29, 93, 97).

The fact that secondary transmission can occur
through an asymptomatic case was demonstrated in a
restaurant-associated outbreak in Scotland in 1990
(93). Five of the 16 reported cases in this outbreak had
not eaten at the implicated restaurant and were pre-
sumed to have acquired the infection from someone
who had. One of these secondary cases was an 8-year-
old girl whose father had eaten at the restaurant but
who had not developed diarrhea. Both the girl and her
father tested positive for E. coli O157:H7 of the same
phage type and Stx type as the outbreak isolate. As
with other secondary cases, cases due to transmission
from asymptomatic individuals are few in number but
highlight the importance of preventing foodborne and
other common source outbreaks of E. coli O157:H7.

Duration of shedding. Long-term asymptomatic
carriage (greater than 1 year) of E. coli O157:H7 has
never been demonstrated, as with enteric pathogens
such as Salmonella typhi. Stool cultures of over 500
asymptomatic unexposed individuals tested since 1980
have failed to show any E. coli O157:H7 (5), a sample
size which is large enough to exclude a true prevalence
of more than 0.7 percent (with p ^ 0.05). Though
long-term carriers may not exist, infected individuals,
especially children, can shed the organism for several
weeks after the onset of their illness (29, 30, 98). A
study of transmission of E. coli O157:H7 in day-care
centers in Minnesota (30) found the mean duration of
shedding to be 17 days for the 24 children studied.
One child, who had been treated with amoxicillin,
excreted the organism for 62 days. A second study of
53 children infected with E. coli O157:H7 (98) found
the median duration of shedding to be 13 days, with
one child shedding the organism for 124 days. Chil-
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dren often shed this organism intermittently (30, 98)
and without symptoms (98, 99).

These studies may overestimate the average dura-
tion of shedding because 1) they involve only children,
who shed the organism longer than do adults and 2)
because they do not include data from children who
had very short durations of shedding or who were
asymptomatic and not diagnosed as having E. coli
O157:H7. Another method to examine the duration of
shedding is to look at the isolation rate of E. coli
O157:H7 in persons who develop diarrhea after a
known exposure to the organism or to look at this
isolation rate after diarrhea-associated hemolytic ure-
mic syndrome. These studies show that the rate of E.
coli O157:H7 isolation from stool falls to 50 percent
by 6-8 days after the onset of symptoms (1, 28,
100-103). In one study of post-diarrhea hemolytic
uremic syndrome (102), the isolation rate was 100
percent for those stools collected within 2 days of the
onset of diarrhea. This dropped to 92 percent at 3-6
days and 33 percent after 6 days.

Person-to-person transmission in day-care centers.
Person-to-person transmission is of special importance
in day-care centers, where it may be the primary mode
of transmission. In this context, data are very compa-
rable to those obtained for Shigella, another enteric
pathogen with a low infectious dose, which is known
to be an important cause of day-care center outbreaks
(104). In 1988, after initiating surveillance for E. coli
O157:H7, the Minnesota Department of Health found
evidence of continuing person-to-person transmission
in all nine day-care facilities in which children with
the infection had been identified (30). In six of these
facilities the state recommended that all of the children
be excluded from the facility until two consecutive
stool cultures tested negative. This action resulted in
the cessation of transmission at each facility. In an-
other day-care center outbreak, transmission was
stopped by cohorting ill children until they were cul-
ture negative (S. Shah, Colorado Department of Public
Health, personal communication, 1995), an approach
which has also proven successful in the control of
shigellosis (105). Person-to-person spread was impli-
cated as the primary mode of transmission in two other
day-care center outbreaks (95, 100), and probably
played an important role in an outbreak involving
institutions for mentally retarded persons (92).

Recent trends in E. coli O157:H7 outbreaks

Outbreaks involving acidic foods, such as mayon-
naise (59) and apple cider (58), have underscored the
unusual acid tolerance of this organism. Acidic foods
(defined by the US Food and Drug Administration's
Retail Food Sanitation Code as those with a pH of less

than 4.6) are generally considered to be at low risk for
transmission of pathogenic bacteria. But E. coli O157:
H7, under certain circumstances, can survive a pH as
low as 2.0 (106, 107) and can persist for up to several
weeks when inoculated into apple cider (58, 107, 108)
or mayonnaise (109-111). This acid tolerance may
have also contributed to a 1994 outbreak involving dry
cured salami (40, 41). This product, considered ready
to eat, is not cooked during processing; rather, pro-
ducers rely on the low pH attained by the product
during fermentation to kill pathogenic microbes. Why
E. coli O157:H7, presumably an enteric bacteria,
should be so acid tolerant is unclear and has led to
speculation about its reservoir (see below).

Leaf lettuce has been implicated in two separate
outbreaks in 1995 (CDC surveillance data). Al-
though it isn't known if the lettuce in these cases
was directly contaminated on the farm or if it was
cross-contaminated from a different source after
harvest, it is known that E. coli O157:H7 can grow
on lettuce at temperatures as low as 12°C (112).

"EMERGENCE" OF E. COLI O157:H7

While investigating the first recognized E. coli
O157:H7 outbreaks in 1982, CDC personnel were
impressed by the severity of the illness they were
witnessing. Never before had the CDC investigated an
outbreak of hemorrhagic diarrhea of unknown etiology
(113). The subjective impression that they were deal-
ing with a genuinely novel pathogen spurred the ex-
haustive investigation that led to the discovery of E.
coli O157:H7 as a cause of epidemic hemorrhagic
colitis. Starting with this first recognized outbreak, the
number of outbreaks reported to the CDC has been
increasing steadily since 1982, from fewer than a half
dozen per year in the 1980s to 17 in 1993 to 30 in 1994
(figure 2). In terms of its recognition and impact on
public health policy, E. coli O157:H7 is clearly a
"new" emerging pathogen, with reported outbreaks
forming a traditional, steeply inclined epidemic curve.

The factors underlying this emergence are less clear.
Is E. coli O157:H7 a "new" pathogen at a molecular
level (i.e., did one strain of E. coli suddenly acquire
new virulence genes, resulting in occurrence of a to-
tally new disease), is it new to cattle or a cattle
reservoir, or is it's "newness" related solely to occur-
rence or recognition in humans? If it is not a totally
new organism, what factors have contributed to its
recent appearance in human populations and its asso-
ciated recognition as a major public health problem?

Is E. coli O157:H7 a new pathogen?

At the time of the first E. coli O157:H7 outbreaks,
public health laboratories in the United States, the
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FIGURE 2. Number of outbreaks and outbreak-related cases of Escherichia coli O157:H7 reported to the Centers for Disease Control and
Prevention (CDC). (Source: CDC surveillance data).

United Kingdom, and Canada reviewed the serotypes
of the isolates that had been sent to them over the
previous decade. Since 1973, the CDC had serotyped
over 3,000 specimens of E. coli that had been sent to
their laboratory; only one of these, a 1975 isolate from
a Californian woman with grossly bloody diarrhea,
was of serotype O157:H7 (1). Similarly, the United
Kingdom's Public Health Laboratory reported that it
had found this serotype in one of 15,000 E. coli
isolates studied between 1978 and 1982 (114). The
Laboratory Centre for Disease Control in Canada, on
the other hand, found this serotype in six of 2,000
isolates sent to them during the same years (115). Two
of the patients from which these isolates were obtained
had hemorrhagic colitis; clinical information about the
other four patients was not available.

Serologic evidence of E. coli O157 infection has
also been found in stored serum samples. European
investigators studying serum from Dutch hemolytic
uremic syndrome patients, found antibodies to the
0157 antigen in 14 of the 33 patients who presented
between 1974 and 1981 (116). The proportion of sam-
ples testing positive showed a statistically significant
increase with the time (chi-square test for trend, p <
0.05), an indication the portion of hemolytic uremic
syndrome due to E. coli O157:H7 may have been
increasing.

As noted above, reported outbreaks of E. coli
O157:H7 disease have shown a dramatic increase
since the first outbreaks were recognized in the early
1980s. The incidence of sporadic E. coli O157:H7
during this time is more difficult to determine because
of misdiagnosis and underreporting. Although 33
states currently require reporting of E. coli O157:H7
(10), many of these only began tracking this disease
following a recommendation by the Council of State

and Territorial Epidemiologists in June 1993. Addi-
tionally, many laboratories have only recently begun
testing for E. coli O157:H7 on a regular basis, spurred
by this recommendation and the recommendations of
local and state health departments; from 1991 to 1994,
the number of laboratories routinely testing stools for
E. coli O157:H7 increased from 4 percent to 29 per-
cent (10). This increase in testing has had an impact on
the number of reported cases: in the summer of 1994,
for example, an investigation of a striking increase in
the number of reported cases in New Jersey found no
evidence of an outbreak, but suggested instead that the
increase in cases was a result of increased testing (71).

Because the diagnosis and reporting of E. coli
O157:H7 has not been consistent over the last decade,
it is conceivable that the observed increase in inci-
dence is artifactual. One indirect gauge of the inci-
dence off1, coli O157:H7 is the incidence of hemolytic
uremic syndrome in children. This may be a more
reliable indicator of trends in E. coli O157:H7 inci-
dence because the severity of the illness makes it less
prone to ascertainment bias.

Most hemolytic uremic syndrome in North America
is caused by E. coli O157:H7 (5). A Canadian study of
pediatric hemolytic uremic syndrome, for example,
found that 76 percent of all children with the disease
tested positive for E. coli O157:H7 (117). In half of
these children, stool cultures were obtained more than
6 days after the onset of their diarrhea, a factor which
likely reduced the chance of finding the organism. A
similar study in Washington State found a rate of 63
percent in all patients, and a rate of 96 percent in
patients whose stools were cultured within 6 days of
the onset of their symptoms (102). In this study, all of
the 13 patients tested within 2 days of onset tested
positive for E. coli O157:H7.
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Three retrospective studies in the United States have
examined trends in the incidence of hemolytic uremic
syndrome during the 1970s and 1980s. A 10-year
study in Minnesota (1979-1988) (118) and a 15-year
study in Washington State (1971-1986) (119) both
documented more than twofold increases in the inci-
dence of hemolytic uremic syndrome over the study
periods. Both studies looked for and failed to find any
evidence of referral or ascertainment bias to explain
the observed increases. On the other hand, a 20-year
retrospective study of cases in Utah (1971-1990)
failed to find any increase in incidence (120). This
study also examined the clinical presentation of the
children and noted no changes, a fact that the authors
cited as evidence that the proportion of hemolytic
uremic syndrome due to E. coli O157:H7 was not
changing.

Possible emergence of E. coli O157:H7 in cattle
populations

To our knowledge, there has been only one docu-
mented case of E. coli O157:H7 infection in cattle
prior to 1982. This was found to be the predominant
serotype in one of 13 calves with coli bacillosis stud-
ied in Argentina in 1977 (121). On the other hand,
when the serotyping records of both the USDA Ani-
mal Laboratories in Ames, Iowa, and the Pennsylvania
State University Veterinary Research Laboratory were
reviewed in 1982, neither laboratory had isolated E.
coli O157:H7 from any animal sources (2). It should
be noted that serotyping is an inefficient method of
isolating E. coli O157:H7 (see above) and may not
have been sensitive enough to detect this organism had
it been present. Since the sensitivity of serotyping is
unknown and the numbers of isolates serotyped by
these two labs was not published, it is not possible to
determine the likelihood that E. coli O157:H7 would
have been detected had it been as prevalent in cattle
then as it is now.

Molecular origin of E. coli O157:H7

Analyses based on multilocus enzyme electrophore-
sis (122, 123), as well as examination of the variable
(3') portion of the eae gene (124, 125), have shown a
remarkable similarity between E. coli O157:H7 iso-
lates from diverse geographic sources and a remark-
able divergence of O157:H7 from other Shiga toxin-
producing E. coli serotypes. Furthermore, analysis of
multilocus enzyme electrophoresis data has shown that
the evolution of O157:H7 probably began on the order
of 5 million years ago when it and E. coli 055 :H7 (a
serotype of enteropathogenic E. coli) descended from
a common ancestor. Following this divergence,

O157:H7 lost its ability to ferment sorbitol and later
it's ability to produce /3-D-glucuronidase. During this
evolution it also acquired Stx2, then Stxl, and possibly
other virulence factors. Unfortunately, one cannot de-
termine, using available data, when this organism ac-
quired sufficient virulence to cause hemolytic uremic
syndrome in humans, nor can one determine when it
emerged in animal populations (126).

Summary

There would appear to be little argument that the
large outbreaks of E. coli O157:H7 which have oc-
curred since the early 1980s represent a distinct, new
phenomenon. The number of reported cases have in-
creased dramatically, starting from zero in 1981; how-
ever, it is also clear that this increase in reported cases
is in part an artifact of improved surveillance and
reporting. Available data suggest that E. coli O157:H7
infections were present prior to 1982, although num-
bers appear to have been small. At a molecular level,
the organism shows evidence of clonal origin, but
there is not the striking clonality, with virtually iden-
tical pulsed-field gel electrophoresis and ribotyping
patterns, which has been seen in situations such as the
emergence of Vibrio cholerae 0139 Bengal in the
Indian subcontinent in 1992 or the introduction of V.
cholerae 01 into naive populations in South America
in 1991 (127-129). Findings are more consistent with
the image of an organism which arose from a common
ancestor, but which has had time to become distributed
geographically and to show some evidence of genetic
divergence. While this is an "emerging" infection, at
least in terms of its distribution and public recognition,
it is unlikely that it will be possible to identify the
"first" O157:H7 case or to track the clonal spread of
the organism through cattle or human populations.

FACTORS THAT MAY HAVE LED TO THE
EMERGENCE/RECOGNITION OF E. COLI O157:H7

As noted above, the occurrence of large outbreaks
and the widespread distribution of cases do appear to
be a new phenomenon. To account for the emergence
of this organism in human populations, we can con-
sider three broad hypotheses: 1) conditions for the
spread of E. coli O157:H7 from animals to humans
have always existed, but this organism has only re-
cently emerged in animal populations; 2) E. coli
O157:H7 has always been widespread in animal pop-
ulations, but slaughter and meat processing practices
have changed in such a way as to promote contami-
nation of meat with this organism; or 3) E. coli
O157:H7 has always been present in the meat supply,
but consumer practices have changed such that con-
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taminated meat now leads to human infection. These
hypotheses are not mutually exclusive: it is certainly
possible that changes at multiple levels of the food
chain have been responsible for the emergence of this
organism.

Changes in the livestock industry

There is little evidence to support or refute the
hypothesis that the emergence of E. coli O157:H7 in
human populations is the result of its emergence in
cattle herds. Geographic spread of this organism has
never been demonstrated as it has for emerging Sal-
monella serotypes, such as serotypes Hadar, Agona, or
Wien (130). Similarly, there have been relatively few
studies examining factors that might influence the
prevalence off. coli O157:H7 in cattle. Nevertheless,
because an understanding of the ecology of this or-
ganism within its reservoir is important to understand-
ing its epidemiology, we feel it important to discuss
some of the factors that have been proposed as influ-
ences on this ecology as well as the data that have been
published so far.

Structural changes in the livestock industry. There
has been speculation that structural changes in the
livestock industry may have created conditions favor-
able for the emergence of E. coli O157:H7. Today,
cattle can often pass through several geographic loca-
tions before going to slaughter, giving them more
opportunities to come in contact with other infected
animals. Beef cattle are generally bred by small cow/
calf producers, raised on roughage until they are 400-
600 pounds (181.4-272.2 kg) (roughly 6-9 months),
and sold to growing operations (also known as "back-
grounders" or "stocker operations"). The cattle con-
tinue growing on a diet of roughage, gaining another
200-300 pounds (90.7-136.1 kg), before being sold to
a feedlot. There they are fed to an end weight of
1,050-1,250 pounds (476.3-566.0 kg) using enriched
grains, and subsequently sold to a slaughterhouse.

The dairy cattle industry is structured differently.
Animals are generally born on site at the dairy farms,
used for breeding and milk production for 3-5 years,
and then sold directly to a slaughterhouse when milk
output slows. They are older than beef cattle at the
time of slaughter and produce meat of poorer quality
that is often used in ground beef.

In the beef cattle industry, the upper level (the
feedlots) has become more concentrated over the last
20 years, whereas the lower levels (the cow/calf pro-
ducers and the grower operations) have continued to
remain relatively dispersed (131). The number of feed-
lots, for example, decreased from 121,000 in 1970 to
43,000 in 1988 (132). This decrease was entirely the
result of the reduction in number of the smallest feed-

lots (those with a onetime capacity of less than 1,000
head of cattle). The number of feedlots with over
1,000 head steadily increased during this time. The
largest lots, those with 16,000 head or more, increased
their market share from 5.7 percent in 1962 to 40.4
percent in 1989. While this was occurring, there was a
simultaneous shift in the location of feedlots from the
upper midwestern states (South Dakota, Minnesota,
Iowa, and Illinois), where they were in close proximity
to the meatpacking industry, to the lower midwestern
states (Nebraska, Kansas, Colorado, Texas, and Okla-
homa) where the warmer climate resulted in lower
costs. The number of fed cattle in the Upper Midwest
decreased from 4,782,000 in 1960 (roughly half of the
US total) to 3,490,000 in 1989, whereas the number of
fed cattle in the Lower Midwest increased from
3,385,000 to 17,140,000 during the same period (133).

The US dairy industry has also increased in concen-
tration over the last two decades. The number of
commercial dairy farms decreased from 600,000 in
1955 to 160,000 in 1989, while the number of farms
with milk cows decreased from 2,800,000 to 205,000.
During the same time period, there was a regional shift
in milk production from the Northeast and Upper
Midwest to the West and Southwest (especially Cali-
fornia) (134).

Whether these changes in the livestock industry
played any role in the emergence of E. coli O157:H7
is uncertain. It is possible that the increased concen-
tration of cattle on these lots has led to an increase in
the prevalence of this pathogen in animals going to
slaughter. Similarly, it is conceivable that increased
movement of cattle throughout the states or the change
in location of feedlots to more southern climates could
have influenced this emergence.

Changes in cattle management practices. Man-
agement practices on individual farms also may have
created conditions favorable for the emergence of E.
coli O157:H7. Two case-control studies, one in Wash-
ington State (135) and one on farms across the United
States (23), have examined the correlation of manage-
ment practices with the presence of E. coli O157:H7.
The first of these studies (135) found only one factor
that correlated positively and significantly with infec-
tion: the use of computerized feeding. Such feeding
systems result in more frequent and more controlled
feeding (136). It is not clear, however, how such a
system would promote the spread of E. coli O157:H7.
The second study (23), which looked only at calves,
found that the grouping of these calves prior to wean-
ing increased the risk of infection by E. coli O157:H7.
Curiously, both studies found that feeding of whole
cottonseed was apparently protective against infection.
The significance of this is unclear.
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Numerous other cattle management practices were
examined in these studies but did not correlate with
colonization. The use of "ionophores" (carboxylin
polyether ionophore antibiotics) to increase feed
efficiency, a practice which began in the mid 1970s, is
one example of these. Ionophores are known to alter
the microbial flora of the rumen by inhibiting gram-
positive bacteria and thereby promoting gram-negative
bacteria. In doing so, they alter the fermentation pro-
cess such that protein degradation is decreased, meth-
ane production is decreased, and propionic acid pro-
duction is increased (137). Because the first E. coli
O157:H7 outbreaks occurred shortly after the intro-
duction of ionophores, there has been speculation that
physiologic changes brought about in the rumen by
these agents might select for this organism. However,
there has been no experimental evidence to date to
support this (136). One case-control study which
compared 64 farms found no association between
ionophore use and the presence of E. coli O157:H7-
positive cattle (23).

It has also been suggested that the increased use of
manure slurries to fertilize pastures may have played a
role in the emergence of E. coli O157:H7. This organ-
ism can not only survive, but can grow in manure
slurries for at least several weeks (138). Although the
use of manure slurries has increased markedly since
the 1970s, two case-control studies have failed to find
a significant association between the use of manure
slurries and the presence of E. coli O157:H7 (23, 135).

The decline in naturally-occurring brucellosis is a
third factor which has been suggested to account for
the emergence off. coli O157:H7 (113). Because the
somatic O157 antigen cross reacts with antigens of
Brucella species (139, 140), it is possible that lower
brucellosis immunity could promote the emergence of
E. coli O157:H7. In fact, in the United States, the
incidence of human E. coli O157:H7 is highest in the
Northwest (5, 141), where the incidence of bovine
brucellosis is relatively low. One case-control study
which examined the relation between brucellosis vac-
cination and the presence of £. coli O157:H7 found no
association (23). Studies comparing the presence of
brucellosis antibodies with the presence of E. coli
O157:H7 in the stool of individual cattle have yielded
conflicting results (142, 143).

The possible role of rumen physiology in E. coli
O157:H7 shedding. In order to understand the ecol-
ogy of E. coli O157:H7 in cattle, and to develop
effective control measures for this pathogen, it is im-
portant to remember that cattle are ruminants. Rumi-
nants include cows, sheep, goats, deer, and other her-
bivores that possess large four-chamber stomachs that
act as fermentation vats to break down nutrients, es-

pecially cellulose, which these animals would other-
wise be unable to digest. The environment in this key
portion of the gastrointestinal tract may influence fecal
shedding of E. coli O157:H7 and other pathogens.

The rumen, the largest of the four chambers of a
ruminant's stomach, is the site of most of the fermen-
tation. When the animal feeds, rumen bacteria and
protozoa break down the complex polysaccharides
into two important groups of products, methane and
carbon dioxide, which are eliminated through eructa-
tion (burping), and short-chain fatty acids ("volatile
fatty acids"), which are absorbed by the animal and
used as carbon and energy sources. The concentration
of volatile fatty acids (usually 50-200 mM) and the
pH of the rumen (usually 5.0-7.5) depend upon the
nutritional status of the ruminant: the concentration of
volatile fatty acids will be high and pH low in the
rumen of a well-fed animal, whereas the inverse will
be true in a starving animal. A similar physiology is
seen in the cecum of the animal, where a lesser amount
of cellulose fermentation occurs.

Since volatile fatty acids inhibit the growth of en-
teric organisms (144-146), one would expect that the
presence or absence of enteric bacteria in the rumen
would depend upon the nutritional status of that ani-
mal, i.e., that rumen fluid from a well-fed animal
would contain few enteric organisms, whereas that
from a poorly fed animal might even support their
growth. A series of experiments in the 1960s by
Brownlie, Grau, and others in Australia confirms this
(146-149). In well-fed animals, Salmonella, when in-
troduced artificially, was rapidly eliminated from the
rumen fluid and could not be detected in the feces. If
the feed intake of the animal was then reduced to
one-half to one-third of what it would normally eat,
the numbers of E. coli in the fluid would rise; Salmo-
nella, when introduced artificially, would persist for
2-3 days but would not be shed in detectable numbers
in the feces. When food was cut off completely for 2-3
days, E. coli counts would climb even higher; Salmo-
nella would grow in the fluid and would be shed in the
feces in detectable numbers. When feeding was sub-
sequently restarted, numbers of both species would
fall again, but only after a growth spurt in the initial 6
hours, during which numbers of both organisms
climbed to their highest levels measured during these
experiments (146, 149).

The implication of these observations on modern
abattoir practice was highlighted in experiments by the
same authors, in which rumen fluid and feces from
animals awaiting slaughter were sampled for Salmo-
nella (148). By the time most animals are slaughtered,
they have been starved for a variable period of time.
The reasons for this are twofold: first, animals are
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generally not fed in transit from the feedlot to the
slaughterhouse, and second, animals with relatively
empty rumina (which can account for one-sixth of a
ruminant's total weight) are easier to eviscerate. In this
study, Salmonella prevalence in the rumen increased
with the amount of time elapsed since the animal's last
feeding. The highest prevalence was in animals which
had been fed once after their arrival at the plant. The
prevalence of Salmonella in the feces was also exam-
ined in this study and did not show a statistically
significant correlation with the time since the previous
feed. A similar study two decades later corroborated
these findings (144), and a study in Thailand found
that animals at slaughter had a higher prevalence of
Shiga toxin-producing E. coli (80 percent) than ani-
mals on farms (60 percent) (15).

In a study using a sheep model, investigators in
Idaho showed that diet has a clear effect on fecal
shedding of E. coli O157:H7 (138). Two types of feed
were given during the experiment, alfalfa pellets, a
concentrate feed such as is given in feedlots, and
sagebrush-bunchgrass, which is high in fiber and, like
other high-fiber feeds, results in lower levels of rumi-
nal volatile fatty acids than do concentrate feeds. As
might have been predicted, the authors found that by
withholding feed they could induce fecal shedding of
E. coli O157:H7 in animals artificially inoculated with
this organism. When the inoculated lambs were fed
alfalfa pellets, they and their non-dosed pen mates
shed the organism only intermittently. But, when they
were subsequently released to feed on a sagebrush-
bunchgrass range, all the animals, including the non-
dosed sheep, shed the organism but then cleared it,
apparently completely. Even when feed was withheld,
the animals could no longer be induced to shed the
organism. These findings confirm the effect of diet on
E. coli O157:H7 shedding and suggest that the ruminal
environment, especially the concentration of volatile
fatty acids, may play an important role.

It has been hypothesized that rumen physiology may
also explain the higher prevalence of E. coli O157:H7
in calves compared with older animals. Just after birth,
the anatomy and diet of the animal support little fer-
mentation, leading to low production of volatile fatty
acids in the rumen. In this "preruminant" stage, E. coli
and other enteric organisms are normal inhabitants of
the ruminal fluid. When these animals are weaned,
fermentation increases, and along with it production of
volatile fatty acids, which one might expect to de-
crease the shedding of E. coli O157:H7. Unfortu-
nately, this hypothesis is not supported by prevalence
studies, in which weaned calves shed E. coli O157:H7
more frequently than preweaned calves (13, 23, 135).

Another finding that sheds doubt on the rumen as

the main reservoir of E. coli O157:H7 is the finding
that, although this serotype is unusually acid tolerant,
it is no more tolerant of ruminal conditions than other
serotypes of E. coli and is, in fact, less tolerant than a
strain isolated originally from rumen fluid (145).

Despite these shortfalls, these observations taken
together have implications for epizootiologic studies
and possibly for the control of this pathogen in rumi-
nants: 1) Since fecal shedding of E. coli O157:H7
depends upon diet, the nutritional status of individual
animals should be taken into account whenever prev-
alence studies are performed. Temporarily withhold-
ing feed may be a method to increase the likelihood of
detecting this organism in colonized animals. 2) If the
rumen is in fact the reservoir of E. coli O157:H7 or if
it is the source of E. coli O157:H7 that contaminates
meat in slaughterhouses, then surveys of fecal shed-
ding by animals may have little relevance to public
health. 3) Since animals going to slaughter are gener-
ally in a temporary state of starvation, and it is known
that starvation causes E. coli and Salmonella to pro-
liferate in the rumen, research is needed to determine
if practical feeding strategies or other means to elevate
the concentration of volatile fatty acids in the rumen
can be developed in order to reduce the numbers of
these pathogens in animals at the time of slaughter.

Changes in food processing and the food
industry

Mass production of ground beef. Methods cur-
rently used to produce ground beef make it possible
for meat from dozens or even hundreds of cattle to go
into any given hamburger patty. To produce ground
beef, large commercial meat packers may purchase
raw meat from several different sources, both domes-
tic and foreign. Examination of the records of one such
producer, for example, revealed that several lots were
produced each day. Into each of these lots, which
ranged in size from 2 tons (1.8 metric tons) to almost
30 tons (27.2 metric tons), went boneless boxed beef
from two to 11 different sources located in two to four
different states. Some of these sources were purveyors,
who had in turn purchased carcasses from several
different slaughterhouses. Complicating the matter
was that all of the lots from any given day had been
produced sequentially in the same meat grinder with-
out cleaning the machinery between lots. Such a con-
tinuous throughput process makes it impossible to
identify the discreet start and end points of production
lots, thereby making it possible for meat or contami-
nants from one lot to be mixed with those of another.
The "coarse ground beef produced by this producer
was then packaged in 80 pound (36.3 kg) "chubs"
(tubes) and sent to grocers. Upon receiving this meat,
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the grocers reground it along with "table trimmings"
(usually fat trimmed from more expensive cuts) and
with meat cuts that had been on their shelves for more
than 2 days. Therefore, when the product was finally
purchased by the consumer and made into hamburg-
ers, it was nearly impossible to say which cattle (or
even how many) went into the patties. Another exam-
ple of the difficulty in determining the origin of con-
taminated meat is provided by the large outbreak in the
western United States in 1993. Meat that could have
contaminated the implicated lots of ground beef came
from three different suppliers who had received meat
from the United States, New Zealand, and Canada.
Even when the investigation focussed only on the
single most likely supplier, traceback led to 443 indi-
vidual cattle, which had come from six different states
through five different slaughterhouses (150).

How much ground beef could a single infected an-
imal contaminate?. Given that investigations such as
these have not led to the identification of the infected
cattle, one could question whether it is possible for a
single infected animal to infect a large lot of ground
beef. At a hypothetical level, we can estimate the
impact of a single contaminated carcass by using the
following assumptions: average weight of a dressed
cattle carcass in the United States: 688 pounds (312.1
kg) (151); weight of carcass after removing bone and
fat: 66 percent X dressed carcass weight (152); degree
of contamination with E. coli O157:H7: 750 CFU/g on
one side and 100 CFU/g on other side (from the New
Jersey example cited above); number of organisms
necessary to cause human illness: 700 CFU (the num-
ber of CFU in the hamburger patties implicated in the
1993 multistate outbreak prior to cooking) (10);
weight of uncooked hamburger patty: 1/4 pound
(113.4 g). With the above numbers, assuming that the
bacteria is distributed evenly throughout the carcass
and that one half of the carcass is used to make ground
beef, there would be sufficient numbers of bacteria on
the carcass to contaminate 8 tons (7.3 metric tons) of
ground beef.

The above calculations are hypothetical, and require
assumptions which are unlikely to be met in "real life"
slaughter and processing operations. Nonetheless,
these calculations underscore the potential for wide-
spread distribution of the organism (in numbers suffi-
cient to cause human illness) from a single contami-
nated source. The Food Safety and Inspection Service
and the USDA are aware of three instances in which
ground beef manufacturers have detected E. coli
O157:H7 in their product through in-house microbio-
logic testing. Each of these involved large-scale pro-
ducers whose machines ground 4,000-12,000 pounds
(1645.6-5443.1 kg) per hour continuously for 20-

hours each day, shutting down only for a 4-hour clean-
ing each night. The serial cultures obtained from the
production lines in each case showed that the pathogen
appeared suddenly in the product and subsequently
disappeared after 1-2 hours, despite the fact that the
machinery had not been cleaned in the interim. In two
of these cases, data on total coliform counts were also
available for review: These counts rose dramatically
just prior to the appearance of the E. coli O157:H7 and
fell back to normal when the E. coli O157:H7 disap-
peared. In one of the cases, testing of the raw materials
had failed to show the pathogen, presumably because
it had not been evenly distributed throughout the un-
ground meat. In none of these cases could the source
of the contaminated raw product be identified because
of the large number of suppliers and because of the
almost fluid nature of the product.

Increased size of beef processors. Concentration
and vertical integration in the meat industry has in-
creased the size of meat producers in the last 20 years.
This has, in turn, led to an increase in the size of
ground beef lots potentially increasing the volume of
contaminated meat and the possibility of outbreaks.
Given that only a single infected carcass can contam-
inate a large lot of ground beef, it is possible that,
whereas in the past an infected animal would produce
only a small number of cases, such an animal could
now cause a large, widespread outbreak.

In fact, the market share, measured in heads of cattle
slaughtered, of the four largest meatpacking firms
increased from 22 percent in 1977 to 32 percent in
1982 to 54 percent in 1987. The boxed beef industry
was even more concentrated in 1987, with 80 percent
of the market share going to the four largest firms.
Such an increase in concentration is remarkable in the
food industry (132), a fact which prompted a congres-
sional hearing in 1990 (153). Nonetheless, the in-
creased concentration in meatpacking cannot by itself
account for the emergence of E. coli O157:H7; this
industry was equally concentrated in 1918 when the
Federal Trade Commission chose the "Big Five" meat-
packers (the "Beef Trust") to be the target of one of its
first investigations (132). Also, there is some evidence
that microbial contamination is lower in meat from
slaughterhouses that process larger numbers of cattle (154).

Changes in consumer preferences

Although certain consumer practices may promote
human E. coli O157:H7 infection, there is little evi-
dence that changes in consumer practices played any
role in the emergence of this organism.

Consumer practices involving ground beef may ex-
plain why this food has been the most commonly
implicated vehicle in foodbome outbreaks. Ground
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beef is unlike most other raw meats in that microbial
contaminants, which are normally concentrated on the
surface of meat are, instead, located throughout the
product as a consequence of the grinding. Therefore,
when hamburger is eaten rare or medium rare, as is the
preference of 23-25 percent of the US population
(155, 156), the meat inside the hamburger still con-
tains viable organisms. Because the infectious dose of
E. coli O157:H7 is exceedingly small, even very low
levels of contamination are sufficient to result in in-
fection.

There has been no increase in ground beef consump-
tion in the United States over the last 20 years. On the
contrary, data from the American Meat Institute indi-
cate that per capita disappearance (an indicator of
consumption) has decreased from a peak of 30.5
pounds (13.8 kg) in 1976 to 26.6 pounds (12.1 kg) in
1993 (157).

On the other hand, the portion of ground beef eaten
outside the home probably increased during this time.
Although we are unaware of any surveys that have
measured this directly, household spending on "meals
and snacks" (most of which was eaten in restaurants or
hotels) has been increasing at a faster rate than spend-
ing on food for "off premise use" (most of which was
purchased in retail stores) (158). The largest increases
in spending have come in the "fast food" sector. Be-
tween 1967 and 1982, spending in restaurants and
cafeterias increased 21 percent, whereas spending in
"fast food places" increased 224 percent (159). Such a
trend towards consumption in public settings may
have the effect of increasing the likelihood that micro-
bial contamination will lead to recognizable outbreaks.

CONCLUSIONS

Changes in such elements as society and environ-
ment have clearly been identified as factors that have
led to the emergence of certain pathogens. Increased
urbanization and the "sexual revolution" of the 1960s
and 1970s, for example, created conditions ideal for
the spread of human immunodeficiency virus. The
return of forests to city suburbs, the migration of city
dwellers to these suburbs, and the simultaneous in-
crease in deer populations probably all contributed to
the emergence of Lyme disease.

On the other hand, the determinants responsible for
the emergence of E. coli O157:H7 remain elusive. It is
unclear even where to look in the food chain to find
these determinants. As noted in the preceding sections,
the livestock and beef industries have changed dramat-
ically during the past several decades. While no one
change can be singled out as the "major" contributing
factor to emergence of this pathogen, it is possible that

these changes, alone and together, have created a
setting in which this organism has been able to spread
more readily through and into animal and human pop-
ulations. In particular, big may not always be better:
Consolidation of the industry, widespread movement
of cattle, and increased use of large production lots for
products such as hamburger may all have played a role
in the process—and may provide a setting in which
other "new" pathogens can rapidly move into human
populations. At the same time, it is possible that this
organism would have emerged as a major pathogen
regardless of these changes, based on its ability to
move into ecologic niches in cattle and its virulence
and low infectious dose in humans. It should also be
recognized that consolidation can be a positive force,
permitting efficient design and implementation of E.
coli O157:H7 control programs.

There is often an impression that emerging diseases
occur "elsewhere," in developing countries where san-
itation and medical resources are limited. E. coli
O157:H7 serves as a model of a pathogen which has
appeared in a highly sophisticated industry in a "first
world" nation. As the above discussion points out, we
still do not know what triggered its appearance. This
should provide a cautionary note to those of us work-
ing in public health: the need for surveillance in con-
ditions which may foster emergence of new and po-
tentially even more dangerous pathogens.
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